North Korea is particularly vulnerable to natural disasters related to climate change, such as flooding and drought, as its forest ecosystem has been damaged as a result of excess development due to food and energy shortage. To prepare for potential natural disasters and to come up with effective countermeasures against climate change, it is crucial to make use of systematic and scientific weather and climate forecasting information in the best possible way. However, it is difficult to find hydrologic data for North Korea, and direct observations of the nation's hydrology are practically impossible to make. Therefore, because of the difficulties in collecting hydrological data, studies on climate change and hydrology in North Korea are rarely conducted. This study collected precipitation and temperature data from 27 weather stations located in North Korea (provided by the World Meteorological Organization), and used the RCP8.5 climate change scenario of the Korean Meteorological Administration to calculate potential future evapotranspiration for each station. The study applied a lumped conceptual model (Water And Snow Balance MODeling system (WASMOD)) to North Korea's representative river basins (Daedong River, Aprok River) to obtain a supplementary hydrologic data time series through doing calculations based on the calculated time series data of the future hydrologic cycle components of North Korea. The study analyzed the impact of climate change on the hydrologic cycle process of North Korea using the RCP8.5 climate change scenario, and predicted its influence on water resources at a river basin scale.
INTRODUCTION
Climate change is occurring faster than the global average in the Korean peninsula. For example, typhoons, extreme rainfall, heavy snow, cold waves, and global warming are becoming more and more frequent. In particular, forested areas in North Korea have been damaged due to food and energy shortages. They are vulnerable to climate-change-related natural disasters such as floods and droughts. To prepare for the expected large-scale natural disasters and to efficiently cope with climate change, it is very important to utilize systematic and scientific weather and climate forecasting data.
Although plenty of studies on climate change are conducted worldwide, research on changes to North Korea's hydrological cycle due to climate change are scarce. There are such difficulties in direct collection and measurement of North Korea's hydrological data due to the political, social, and cultural issues surrounding the nation. Accordingly, in this paper, we collected the precipitation and temperature data from 27 North Korean sites provided by the World Meteorological Organization (WMO) , to analyze the historical climate characteristics of the Daedong River Basin and the Amnok River Basin in North Korea. In addition, using the RCP 8.5 climate change scenario provided by the Korea Meteorological Administration (KMA), we predicted the future climate characteristics of North Korea. Under the RCP 8.5 climate change scenario, we also analyzed the impact of climate change on the hydrological cycle in North Korea and predicted the effects of climate change on watershed-scale water resources by applying the scenario to the lumped conceptual model -"WASMOD."
2 THEORETICAL BACKGROUND
RCP climate change scenario
There are four types of RCP scenarios: RCP 8.5, where the current anthropogenic GHGs emission trends continue (BAU); RCP 2.6, with the maximum limit for the earth to maintain resilience; and RCP 4.5/6.0, where the GHGs mitigation policies are somewhat realized (IPCC [1] ). The prefix numbers indicate the amount of radiative forcing and the unit is Wm-2. The radiative forcing of RCP 8.5, 6.0, 4.5, and 2.6 corresponds to about 3.6%, 2.5%, 1.9%, and 1.1% of the incident solar radiation as the solar radiation reaching the ground is about 238 Wm-2.
The East Asian region, where Korea is located, shows large-scale climate variability due to its complex geographical characteristics. The frequency and intensity of the extreme climate tends to increase with climate change. To deal with the changing climate, studies on climate change impact assessment, adaptation, and vulnerability are carried out regularly in various fields such as hydrology, agriculture, construction, and environment in Korea. At this point, detailed and reliable regional climate change information for the present and future is most important. Accordingly, the National Institute of Meteorological Research has developed a high-resolution regional climate scenario for the Korean region in response to climate change on a national level.
The process of high-resolution regional climate change scenario calculations passes through two stages. First, HadGEM2-AO, a global atmospheric-ocean coupled model, produces a global climate change scenario with an approximate resolution of 135 km, based on the RCP scenario, which is a new GHG emission scenario. Then, regional climate model HadGEM3-RA yields two scenarios, based on the global climate change scenario data: the regional climate change scenario with a 50-km resolution for East Asia; and the regional climate change scenario with a 12.5-km resolution for the Korean region. In this study, we predicted the future hydrological cycle variability of North Korea, using the RCP8.5 climate change scenario of the regional climate model "HadGEM3-RA."
WASMOD model
The four major processes in the water cycle are precipitation, evapotranspiration and infiltration, surface runoff, and groundwater runoff. The water cycle process does not mean that water continuously moves between constituent processes in sequence. It is common for the water cycle process to be temporally and spatially variable. The runoff caused by precipitation is a complicated hydrological phenomenon, taking into consideration the spatial and temporal change in precipitation, ununiformed land conditions, and various hydrological characteristics, depending on soil characteristics. As it is impossible to accurately express all of these natural phenomena using a mathematical formula, we conceptually simplify the runoff phenomenon in the WASMOD model, as in most other water models.
The WASMOD model uses the "temperature index function" proposed and introduced by Vandewiele et al. [2] to classify precipitation into rainfall and snowfall. The snow storage of the previous month is combined with the snowfall. Some of the combined snow (storage retention) will melt as the temperature slowly rises, thus contributing to soil moisture retention. In addition, some of the rainfall is lost through evapotranspiration, and the remaining amount is defined as actual rainfall. Such actual rainfall contributes to the soil moisture retention (Xu [3] ).
APPLICATION RESULT

Analysis of watershed status
The Daedong River, the study area, is the fifth longest river in the Korean Peninsula. As an asymmetric watershed with many tributaries on the left bank, the river has a total of 443 tributaries, among which 26 tributaries are over 15 km long. The watershed length is 438 km, and the area is about 19,377 km 2 ( Fig. 2(a) ). The Amnok River is an international river that originates from Mt. Baekdu and forms the border between the Korean Peninsula and the northeast part of China. A number of rivers and tributaries form over 100 km of the Amnok River, among them Hecheon River, Jangjin River, Bujeon River, Jaseong River, Dogro River, Chungman River, and Samgyocheon Stream. It flows into the Yellow Sea from the lower part of Yongampo after passing through Hyesan, Junggangjin, Manpo, Sinuiju, and so on. The length of the watershed is 803.3 km, and the watershed area (including the part in China) is about 64,841 km 2 ( Fig. 2(b) ). Table 1 shows the status of the weather stations in the Daedong River Basin and the Amnok River Basin.
3.2 Analysis of change in climate characteristics of North Korea based on RCP8.5 climate change scenarios
The study analyzed the future climate variability in the North Korean watershed (Daedong River and Amnok River) using the RCP 8.5 climate change scenario. First, data on precipitation and temperature for the past (1981-2014) and for the future (2011-2100) that were collected by WMO were divided into three periods: Future 1 from 2011 to 2040; Future 2 from 2041 to 2070; and Future 3 from 2071 to 2100. Then, the study identified future climate variability compared this to the current level.
According to the result of the analysis, the average annual rainfall of the Daedong River Basin is projected to be about 920.6 mm (4.3% decrease from the current level) in Future 1, while it is about 1016.7 mm (5.7% increase from the current level) in Future 2, and about 1081.2 mm (12.4% increase) in Future 3. The temperature was projected to increase by approximately 50% compared to the current level (Table 2, Fig. 3 .) The average annual Fig. 4 ).
3.3 Prospects for future change of hydrological circulation in North Korea using RCP 8.5 climate change scenario
In this chapter, the RCP 8.5 climate change scenario will be applied to predict the impact of climate change on the hydrological cycle in North Korea (Daedong River and Amnok River). Similar to the previous analysis, the study divided the future period from 2011 to 2100 into three periods: model to estimate long-term runoff. Based on the analyzed long-term runoff, the study compared the future average monthly precipitation (rainfall, snowfall), and predicted the baseflow, surface runoff characteristics, seasonal runoff, and monthly runoff change. In the case of the Daedong River, the average annual precipitation decreased by 4.2% in Future 1, while it increased by 4.8% in Future 2. In Future 3, it increased by about 10.2%. The annual runoff decreased by 4.3% in Future 1, while it increased by 4.8% in Future 2 by 8.9% in Future 3 (Table 4) . Figs 5 and 6 show the monthly rainfall and runoff characteristics of the Daedong River Basin.
In the case of the Amnok River, the average annual precipitation increased by 29.6% under Future 1, while it increased by 55.3% under Future 2 and by 72.1% under Future 3. The annual runoff increased by 48.5% under Future 1, while it increased by 20.1% under Future 2 and by 26.6% under Future 3 (Table 5) First, changes in the rainfall characteristics of the Daedong River Basin and the Amnok River Basin of North Korea were analyzed. The average annual rainfall of the Daedong River Basin is projected to decrease by 4.3% from the current level in Future 1, while it will increase by 5.7% in Future 2 and by 12.4% in Future 3. The temperature was projected to increase by approximately up to 50% compared to the current level. The average annual rainfall in the Amnok River Basin is projected to increase by 45.5% from the current level in Future 1, while it will increase by 55% in Future 2 and by 69.5% in Future 3. The temperature was projected to increase by approximately up to 74.2% compared to the current level.
The study applied the RCP8.5 climate change scenario to the WASMOD model. The result showed that the annual runoff of Daedong River decreased by 4.3% in Future 1, while it increased by 4.8% in Future 2 and by 8.9% in Future 3. The annual runoff of Amnok River increased by 48.5% in Future 1, while it increased by 20.1% in Future 2. In Future 3, it was found to have significantly increased -by 26.6%. As a result of analyzing the characteristics of the monthly rainfall in North Korea, it was predicted that the possibility of snowfall would increase in the future. As a result of analyzing the seasonal runoff characteristics, it is expected that in the future, summer rainfall will decrease compared to the current level, thus bringing a high possibility of drought.
The purpose of this study is to produce basic data for analyzing the water resources of North Korea and to identify its hydrological cycle variability in preparation for future unification. Based on the results of the analysis, the study found that the characteristics of the hydrological cycle elements in North Korea are significantly changed with the changing climate as in South Korea. As a result, North Korea is also expected to be in need of systematic and scientific adaptation in response to climate change. By supplementing the insufficient hydrological time series data, other studies can make use of this data in the future for analyses of water resources and impact assessments in North Korea.
